Orbital frontal cortex (OFC) is known to play a role in object recognition by generating "first-pass" hypotheses about the identity of naturalistic images based on low spatial frequency (SF) information. These hypotheses are evaluated by more detailed (and slower) ventral visual pathway processes. While it has been suggested on theoretical grounds, it remains unknown whether OFC also receives postrecognition feedback about stimulus identity. We used a novel paradigm in the context of functional magnetic resonance imaging that permits the first few hundred milliseconds of object recognition to be spread out over 120 s. OFC shows a robust response to low and relatively high SFs, whereas ventral stream regions display unimodal response distributions shifted toward high SFs. These findings in OFC were modulated by hemisphere, with right OFC differentially responding to low SFs and left OFC differentially responding to high SFs. Psychophysical experiments confirmed that the same ranges of SFs preferred by ventral stream regions are critical for determining the accuracy and speed of object recognition. Our findings indicate that OFC accesses global form (low SF information, right OFC) and object identity (high SF information, left OFC), and suggest that OFC receives feedback about the accuracy of its initial hypothesis regarding stimulus identity.
Introduction
It is a remarkable feat of the primate visual system that it is capable of visually identifying an indefinite number of objects within a few hundreds of milliseconds (Potter 1976; Tanaka and Curran 2001; VanRullen and Thorpe 2001; Rossion et al. 2003; Hauk et al. 2006 ). An important and unresolved issue concerns the neurocognitive organization of high-level visual information that allows for such fast and efficient visual recognition to occur. One mechanism that has been proposed that would aid in the speed and efficiency of high-level visual recognition is a system for generating predictions about the identity of an object on the basis of coarse and global visual information (Schyns and Oliva 1994; Bullier 2001; Bar 2003; Fenske et al. 2006; Kveraga, Boshyan et al. 2007; Kveraga, Ghuman, et al. 2007; Peyrin et al. 2010 ; see Riesenhuber and Poggio 2002 for an alternative). Within that framework, fast magnocellular systems (Maunsell et al. 1999 ) extract coarsegrained (i.e., low spatial frequency, LSF) information (Derrington and Lennie 1984; Tootell et al. 1988 ) about global form (Livingstone and Hubel 1988; Lamb and Yund 1993; Oliva 1994, 1999; Hughes et al. 1996; Parker et al. 1996 ; Olds and Engel 1998) that constrains the range of possible identities of a stimulus, with the stimulus being decisively identified on the basis of mid-to-high spatial frequencies (SFs), presumably mediated by parvocellular systems and localized to ventral temporal-occipital regions.
Orbital frontal cortex (OFC) has been hypothesized to be a central hub in this process, receiving LSF information about global form via magnocellular pathways and passing it back to the ventral object-processing stream (Bar 2003; Bar et al. 2006; Fenske et al. 2006; Peyrin et al. 2010) . At a theoretical level, it has been proposed that OFC both mediates the transmission of global shape information, and also receives feedback on the outcome of the identification process, perhaps in the form of error (Bar 2003) . Independently of the particular neuroanatomical details, this general architecture in which a process or region (e.g., OFC) relays an initial "first guess" of the object and then receives feedback on the outcome of recognition, is an important component of top-down models of object recognition and statistical learning (Behrmann et al. 1998; Bullier 2001; Foxe and Simpson 2002; Bar 2003; Juan and Walsh 2003; Baker et al. 2004; Bar et al. 2006; Fenske et al. 2006; Yuille and Kersten 2006; Kveraga, Boshyan et al. 2007; Kveraga, Ghuman, et al. 2007; Peyrin et al. 2010) .
The hypothesis that OFC computes a first-pass global analysis on the basis of LSF information and also receives feedback about object identity (mediated by HSF information) generates the prediction that OFC should exhibit a bimodal peak in neuronal activity during the course of object recognition (Bar 2003) . The first peak would correspond to the analysis of global shape, and the second would be contingent on feedback from ventral stream structures identifying the object and would thus correspond to information about object identity. Although a range of empirical findings support the role of OFC Kveraga, Boshyan et al. 2007; Peyrin et al. 2010 ) in computing magnocellular-based information about global form, the critical hypothesis that OFC exhibits a bimodal distribution in response properties corresponding to initial and final states of object recognition remains untested. Thus, it is unclear whether OFC's involvement in object recognition is limited to sending information about global form to ventral stream structures, or whether it also receives input about the outcome of object identification processes.
Because the blood-oxygen-level-dependent (BOLD) response is too sluggish to resolve a bimodal distribution in neuronal activity, we developed a new method in which the first few hundred milliseconds are "drawn out" over the course of 120 s. This is accomplished by presenting a single image (e.g., a grayscale picture of a cat) for 120 s while slowly moving a bandpass window through frequency space. Thus, while subjects are presented with a large range of SFs over the entire 2-min stimulus presentation, they are exposed to only a narrow frequency window at any given point in time. In this way, time (at the resolution of the BOLD response) can be used as a proxy measure of SF. Phase-lag encoded analyses were then used to analyze the time series. This analysis approach is widely employed within the context of retinotopic mapping (Sereno et al., 1995) . In the case of retinotopic mapping, a stimulus moves continuously through space, while in the current functional magnetic resonance imaging (fMRI) paradigm, the stimulus remains in the same spatial location but changes continuously along the dimension of SF. In order to prevent our conclusions about possible effects from being contaminated by saturation in BOLD contrast across the 2-min duration of each stimulus, stimuli were presented with the bandpass window moving from high to low in some subjects and from low to high in other subjects. In other words, the bandpass window could begin at the high SF range or at the low SF range. In this way, it is possible to ensure that any preferences for SF ranges exhibited by a region are not confounded with time within the 2 min of stimulation for each stimulus.
Materials and Methods
Participants A total of 12 adults (mean age 20.9 years, 6 females, all right-handed) participated in the fMRI experiment. A total of 36 adults (mean age 21.3 years, 16 females) participated across the 2 behavioral studies (10 in Behavioral experiment 1, 9 females; 26 in Behavioral experiment 2; 6 participants were excluded from Behavioral experiment 2 for failing to keep their heads in the chinrest; of the 20 remaining in Experiment 2, 10 were female.) There was no overlap in participants between any of the experiments. Participants were recruited from the University of Rochester undergraduate and graduate communities. All participants had normal or corrected-to-normal vision. Participants gave informed consent for the study according to the University of Rochester Institutional Review Board.
Stimuli and Procedure

fMRI Experiment
Stimuli were 24 unique images (12 tools, 12 animals), each of which had been SF filtered at 300 central SFs using the MATLAB image processing toolbox (scripts available upon request). Frequency-filtered images were generated by multiplying the Fourier transform with a 1.2-octave bandpass log-of-Gaussian filter. Central SFs were evenly distributed with 0.03 octaves between each peak from 0.17 to 9.14 cycles per degree visual angle (cpd). Images were 400 × 400 pixels and subtended 8°visual angle horizontally and vertically. The root mean square contrast was equalized across all images after they were bandpass filtered.
Each scanning session consisted of 3 runs. Each run contained 4 unique images (2 tools, 2 animals; session duration = ∼40 min). Participants 1 to 5 completed 2 sessions, and saw each of the 12 unique tools and animals used in Experiment 1. Participants 6 to 12 completed 1 session. Stimuli were displayed using the MATLAB Psychophysics Toolbox (Brainard 1997; Pelli 1997) and back projected onto a screen that was visible through a mirror mounted on the MRI head coil. Item order was semirandomized within run with the restriction that no 2 items from the same category could be presented sequentially. Participants were instructed to free-view 2-min long "movies" of the stimulus items moving through frequency space (see Fig. 1A ). Stimuli gradually transitioned from LSF to HSF (subjects 1, 3, and 4), or the reverse (subjects 2, 5, 6, and 7-12). Each subject saw only one version of the stimuli (i.e., either all movies went from low SF to high SF or the reverse). Critically, only a narrow range of SFs (1.2 octaves) was present for any given frame (frame duration = 400 ms). All images were presented in the center of the visual field. Runs began and ended with 16 s of a fixation cross. The interval between the movie presentations was jittered between 2 and 8 s drawn from a distribution with hyperbolic density.
Experiment 1b
In a subset of subjects (7-12), VT and lateral occipital (LO) cortices were functionally defined with an objects versus scrambled objects localizer (see Table 1 for Talairach coordinates). The localizer used a standard procedure (e.g., Fang and He 2005; Mahon et al. 2009 ) and included faces, places, animals, and tools (12 items per category, 8 exemplars for each item, yielding 384 stimuli). Stimuli were presented in mini-blocks of duration 6 s (500-ms duration, 0-ms inter-stimulus interval) interspersed by 12-s fixation periods. Within each run, 8 mini-blocks of intact stimuli and 4 mini-blocks of phase-scrambled versions of the same stimuli were presented. Order was randomized within blocks/mini-blocks such that every cell of the design was replicated twice after 8 block presentations. Each of the 6 participants who had also completed the main experiment completed 8 runs of the object localizer in a separate scanning session. Regions of interest (ROIs) were defined as cortical locations showing greater activation to intact compared with scrambled images, thresholded at false discovery rate (FDR) q < 0.05 (or stricter) for each subject.
MR Acquisition and Analysis
Whole-brain BOLD imaging was conducted on a 3-Tesla Siemens MAGNETOM Trio scanner with a 32-channel head coil located at the Rochester Center for Brain Imaging. High-resolution structural T 1 contrast images were acquired using a magnetization prepared rapid gradient echo pulse sequence at the start of each session (TR = 2530 ms, Figure 1 . (A) Schematic of the stimulus "movies" that subjects were shown during functional magnetic resonance imaging (fMRI). The duration of each movie was 120 s and depicted a single object in which a bandpass window of SF information was changed continuously frame-by-frame. (B) Proportion of voxels maximally activated by each SF range in each cortical location. Error bars (standard error of the mean) are calculated over hemispheres studied (n = 24). The plot shows that OFC exhibits a bimodal distribution of SF preferences, whereas LO and VT exhibit a unimodal distribution biased toward mid-to-high SFs. OFC: orbital frontal cortex; LO: lateral occipital; VT: ventral temporal cortex. fMRI data were analyzed with the "Brain Voyager" software package (Version 2.1) and in-house scripts drawing on the BVQX toolbox written in MATLAB (wiki2.brainvoyager.com/BVQXtools). Preprocessing of the functional data included, in the following order: slice scan time correction (sinc interpolation), motion correction with respect to the first volume of the first functional run, and linear trend removal in the temporal domain (cutoff: 2 cycles within the run). Functional data were registered (after contrast inversion of the first volume) to high-resolution deskulled anatomy on a participant-by-participant basis in native space. For each individual participant, echo-planar and anatomical volumes were transformed into standardized (Talairach and Tournoux 1988) space. Functional data were smoothed at 6 mm (1.5 voxels) at full-width at halfmaximum, and interpolated to 3 × 3 × 3 mm voxels.
Behavioral Experiment 1
Stimuli were identical to those of the fMRI experiment. Images were filtered with a 1.2-octave bandpass filter; the central SF was shifted 0.03 octaves between each image. Subjects saw a subset of 8 randomly chosen items (4 tools, 4 animals) from the image set used in the fMRI experiment. Image order was randomized. Each image was seen once at each SF level, yielding 8 images at each SF level. Each trial consisted of a central fixation cross presented for 300 ms, followed by an image presented for 50 ms, and then a 75-ms high contrast noise mask (See Fig. 5A ). Images were 400 × 400 pixels and subtended 12.2°visual angle horizontally and vertically. Participants were seated 0.5 m away from the monitor. Distance was kept constant by instructing participants to keep their heads in a chinrest (UHCO standard Head Spot chinrest). Stimulus presentation and behavioral response recording were controlled using E-Prime software (as well as for Behavioral experiment 2, see below). Responses were recorded with a button box with ms precision (Psychology Software Tools, model 200A, 0-ms debounce period).
Behavioral Experiment 2
Stimuli were 48 broadband target images (12 phase-aligned images from each of 4 categories; animals, faces, tools, places). To facilitate comparison between Behavioral experiments 1 and 2 and the fMRI experiment, which used only tools and animals, only data from the tool and animals conditions are reported herein. Six SF-filtered prime images were generated for each target image using the MATLAB image processing toolbox (Mathworks, Inc., Sherbon, MA). The central SF of primes was evenly distributed in Fourier space, ranging from very low SF (0.17 cpd) to very high SF (11.1 cpd), following the same approach for filtering described above (1.32-octaves bandwidth around the central SF, central SFs: 0.17, 0.40, 0.92, 2.12, 4.87, and 11.1 cpd). Twelve phase-randomized broadband primes were also created for each category to use as a baseline prime condition. The root mean square contrast was equalized across all images after they were bandpass filtered. Images were 400 × 400 pixels and subtended 12.2°visual angle horizontally and vertically. Participants' distance from the monitor was the same as in Behavioral experiment 1.
Each experimental trial began with a central fixation cross (500 ms) followed by a high contrast noise image (forward mask; 148 ms), followed by the prime (33 ms), followed by a different high contrast noise image (backward mask; 148 ms) followed by the broadband target image. Primes, when they were not scrambled images, were always identical to the target images. Targets were presented for 3000 ms or until a response was made (Fig. 6A) . Trials with phase-randomized primes were identical to experimental trials, and phase-randomized images were always paired with the broadband nonscrambled image used to generate the prime. Participants were instructed to categorize the target images as "living" or "nonliving" as quickly and accurately as possible (button response). Blocks consisted of 384 trials. Blocks were counterbalanced, and image order within each block was randomized. Subject 2 completed 5 blocks; all other subjects completed 6 blocks.
After completing the priming experiment, participants completed a prime awareness task. Each prime was presented twice, once for 33 ms and once for 50 ms, flanked by forward and backward high contrast noise masks (duration = 148 ms). The order of the images was randomized. Only data from primes presented for 33 ms were analyzed; the longer duration prime presentation was to provide participants with some information about what they should be looking for in the prime discrimination task.
Results
fMRI
To answer the question of whether SFs implicated in the final stages of object recognition-driven BOLD responses in OFC, we compared the distribution of SF preferences in OFC to the distributions in LO cortex and (VT), 2 ventral stream regions known to be critical for object identification (Malach et al. 1995; Chao et al. 1999; Grill-Spector et al. 2001; Haxby et al. 2001; Kourtzi et al. 2003; O'Toole et al. 2005) . The continuous SF stimuli (duration = 120 s) were binned into 5 SF ranges (0.17-0.38, 0.41-0.89, 0.92-2.06, 2.09-4.73, and 4.76-9.14 cpd). Each bin corresponded to ∼1.2 octaves of frequency space. In the first-level analysis, all ROIs were defined independently of the current dataset, as spheres centered at Talairach coordinates obtained from previous work on object processing (Gauthier et Fig. 2) . A subset of Note: A subset of participants (n = 6) participated in a category localizer to functionally define VT and LO. These regions were defined as those areas that showed greater activation to intact compared with scrambled images ("intact > scrambled"; FDR q < 0.05).
the subjects (7 of 12) completed a localizer for VT and LO in a separate scanning session; thus, in a second level analysis, VT and LO was functionally defined on a subject-by-subject basis and the pattern observed for the literature-defined ventral stream ROIs was compared with the pattern observed for the functionally defined ROIs. The distributions of SF preferences were calculated as the proportion of voxels within the ROI that exhibited a preference for each SF range (thresholded at r ≥ 0.13, FDR q < 0.05).
In a first analysis, ROI data were analyzed using a 2-way ANOVA with cortical region (3 levels; OFC, VT, LO) and SF (5 levels). There was a main effect of SF (F 4,92 = 34.22, MSE = 33 822.32, P < 0.0001), and an interaction between SF and region (F 8,184 = 12.09, MSE = 5676.92, P < 0.0001; there can be no main effect of region because the data are expressed as proportions summing to 100). As can be seen in Figure 1B , the distribution of voxels responding maximally to each SF range is bimodal in OFC and skewed toward high SFs in the ventral stream ROIs. Pairwise comparisons in OFC revealed that very low SFs (Bin 1; 0.17-0.38 cpd) and mid-to-high SFs (Bins 4 and 5; 2.09-9.14 cpd) elicit differential BOLD contrast when compared with mid-to-low SFs (Bin 2; 0.41-0.89 cpd; t(23) = 5.66, P < 0.0001; t(23) = 2.62, P < 0.01; t(23) = 4.72, P < 0.0001; Bins 1, 4, and 5 compared with Bin 2, respectively.) There was no difference in activation between Bins 2 and 3 (t(23) = −1.47, P = 0.15). Pairwise comparisons further revealed that low SFs drive activation significantly more in OFC than in LO (t(23) = 4.20, P < 0.0001) or in VT(t(23) = 5.28, P < 0.0001).
The pattern of responses in LO and VT were very similar, suggesting that the 2 regions could be collapsed for simplicity. This was confirmed by a 2-way ANOVA (main effect of SF [F 4,92 = 34.69, MSE = 33 874.71, P < 0.0001; no interaction between LO/VT and SF, F 4,92 = 1.57, MSE = 210.70, P > 0.1]). Having collapsed the data across the 2 ventral stream regions, we reconfirmed the presence of an interaction between region (ventral stream, OFC) and SF level (F 4,92 = 13.82, MSE = 8357.36, P < 0.0001). We explored whether the dissociation between OFC and the ventral stream was affected by the direction of the stimulus movie. However, there was no interaction between the factors cortical region, SF, and movie direction (F 4,88 = 1.167, MSE = 700.77, P > 0.1), so movie direction was excluded as a factor for further consideration.
We then asked whether the patterns observed in the ventral stream and OFC differed by hemisphere. In an ANOVA with hemisphere (2 levels; left, right), SF bin (5 levels), and cortical region (2 levels; ventral stream and OFC), there was an interaction (F 4,88 = 28.05, MSE = 7795.51, P < 0.0001). Figure 3 shows the data broken down by hemisphere. In a 2-way ANOVA for the left hemisphere (cortical region, SF level), there was a main effect of SF (F 4,44 = 37.2, MSE = 16 382.9, P < 0.0001), and in contrast with the Bar et al. (2006) results, we found no interaction between cortical region and SF (F 4,44 = 0.3, MSE = 79.4, P > 0.5). This means that in the left hemisphere, OFC and the ventral stream are driven by the same SF ranges. In the right hemisphere, there was both a main effect of SF (F 4,44 = 33.4, MSE = 109 65.2, P < 0.0001) and a significant interaction between cortical region and SF (F 4,44 = 57.6, MSE = 16 073.4, P < 0.0001). Pairwise comparisons show that right OFC responds more to low SFs than the right ventral stream (t(11) = 17.39, P < 0.0001). In contrast to the left and right OFC, the left and right ventral streams did not exhibit a SF versus cortical region interaction (F 4,44 = 0.6, MSE = 32.7, P > 0.5).
Two representative brains and the proportions of voxels responding to each SF range are shown in Figure 4 . The grouplevel analysis holds at the single-subject level, as evidenced by the histograms in the figure. For both subjects, Left OFC behaves like the ventral object-processing stream, responding maximally to higher SFs, whereas right OFC is driven more strongly by LSFs.
In a second series of analyses, VT and LO were functionally defined (in a subset, 7 of 12, subjects, as described above). To confirm that there were no differences in SF preferences between the ventral stream functionally defined and literaturebased ROIs, we conducted a mixed ANOVA with cortical Table 1 ) onto cortical surface. location (2 levels: VT and LO) and SF range (5 levels, see bins above) as within subjects factors, and hemisphere (2 levels; left and right) and ROI definition (2 levels; functionally and literature defined) as between subjects factors. All interactions with the factor ROI definition were nonsignificant (SF range × ROI definition: F 4,80 = 0.14, P > 0.1; SF range × hemisphere × ROI definition: F 4,80 = 0.09, P > 0.1; Cortical location × SF range × ROI definition: F 4,80 = 0.11, P > 0.1; Cortical location × SF range × hemisphere × ROI definition: F 4,80 = P > 0.1). This indicates that the pattern of responses reported above using ROIs from the previous literature is not different from the pattern observed when the ROIs are functionally defined.
Psychophysics
We then conducted 2 behavioral experiments to independently confirm 2 assumptions that were made about the experimental materials by the fMRI analyses. The first assumption is that the SF ranges labeled as mid to high are critical for supporting object identification, a process known to depend on processing in the ventral stream. The second assumption is that the approach of binning SF into ranges defined on the basis of ∼a 1-octave change in frequency space captures the cortically and behaviorally relevant variation in SF across all frames in the stimulus movies.
In the first behavioral experiment, participants were required to categorize (living or nonliving) individual frames from the movies that had been used in the fMRI experiment (see Fig. 5A for an example stimulus and schematic of the trial structure). The images were backward masked in order to bring performance off of ceiling, and to thus be able to describe the specific role of different SF ranges in object recognition. Figure 5B , which plots accuracy as a function of SF, shows that performance is highest for mid-to-high SF ranges (second-order polynomial fit, r 2 = 0.83). These data also provide independent confirmation for the procedure of binning by 1.2 octaves for the sake of the phase-lag analysis.
In a second behavioral experiment, we sought additional evidence using the implicit measure of priming. SF-filtered prime images (bandpass centers at 0.17, 0.40, 0.92, 2.12, 4.87, or 11.1 cpd) were briefly presented (duration = 33 ms) and forward and backward masked with high contrast pattern masks (mask duration = 148 ms; see Figure 6A for a schematic; for precedent on this procedure see Breitmeyer and Ganz 1976; Almeida et al. 2008 Almeida et al. , 2010 . The offsets of the backward masks were immediately followed by the onset of a visible target image, which participants categorized as "living" or "nonliving." A baseline of scrambled primes was used to evaluate the magnitude of priming elicited on the targets. Average response time differences from baseline for each SF range are shown in Figure 6B ( primary y-axis). A repeated-measures ANOVA revealed a main effect of SF (F 5,95 = 8.33 , MSE = 188.92, P < 0.001) and simple contrasts (using SF range 6 as a reference) showed that this effect is driven by SF ranges 4 (F 1,19 = 14.56, MSE = 498.63, P < 0.001; 2.12 cpd) and 5 (F 1,19 = 14.27, MSE = 431.17, P < 0.001; 4.87 cpd). Thus, priming significantly affected reaction time when the primes were filtered to include mid-to-high, but not low (central SF 0.17, 0.40, 0.92) or very high (central SF 11.1) SFs.
Discussion
Previous research indicates that the information about global shape represented and processed by OFC is conveyed through magnocellular channels within the visual system (Bar 2003; Bar et al. 2006; Fenske et al. 2006; Kveraga, Boshyan et al. 2007; Kveraga, Ghuman, et al. 2007; Peyrin et al. 2010) . However, whether top-down signals from OFC to ventral stream regions are followed by error-driven feedback about the outcome of object recognition processes has been only a theoretical speculation. We have reported that OFC exhibits a bimodal peak in SF preferences across the 2 hemispheres, with differential responses for both low and mid-to-high SFs. These results stand in contrast to the response distributions in LO and VT, in which there were either no, or significantly dampened, responses to LSF information, but responses equivalent to those of OFC for mid-to-high SFs. When the data were separated by hemisphere, the distribution of responses in left OFC resembled that of the ventral stream, whereas the distribution of right OFC was in sharp contrast to Figure 6 . (A) Example stimulus and trial structure for Behavioral experiment 2. Trials began with a 500-ms fixation cross (omitted in the schematic), followed by a forward and backward masked prime image. The backward mask was followed by a broadband target image identical to the prime image and presented for 3000 ms or until a categorization response was made. On one-seventh of the trials, a broadband, phase-scrambled image drawn from the same category as the target replaced the SF-filtered prime, serving as a baseline against which to measure identify priming effects. (B) Identity priming effects from Behavioral experiment 2. The vertical axis plots mean priming effects (error bars are standard errors of the mean across subjects). The ordinate is drawn such that a positive number indicates faster categorization than scrambled baseline. After completing the priming task, all participants completed a prime discrimination task (see Materials and Methods section for details). The pattern of prime discrimination by SF replicated the pattern observed in Behavioral experiment 1 (Fig. 5) . One-sample t-tests (reference point = chance of 50%) reveal that only primes in SF bins 4 and 5 could be reliably categorized (t(19) = 4.36, P < 0.001, t(19) = 2.85, P < 0.01, respectively).
that of the ventral stream, displaying a preference for low SF information. The modulation in SF preferences in OFC confirms the expectations laid out by Bar (2003) . More generally, these data indicate that human OFC processes both an initial "first guess" about global shape information, and receives detailed information about object identity conveyed by the mid-to-high SF range.
The fact that left OFC exhibits a peak of activation late in the process of stimulus processing (i.e., in response to HSF information which would come later than LSF information), places an important constraint on models of object processing in that the "priors" that are generated by OFC can be shaped by the outcome of object recognition. Our findings also indicate a specific neural basis for feedback and feed forward mechanisms that have been posited at a theoretical level (Bar 2003) . Furthermore, they establish a specific framework for interhemispheric transfer of information between left and right OFC in developing and refining predictions about object identity that can be pursued with future work.
The 2 psychophysical experiments reported above provide independent validation for the ranges of SF that were used in the analysis of the fMRI data, as well as for the supposition that SFs categorized herein as mid to high are particularly important for object identification. An aspect of the entire pattern of findings is the contrast between the low categorization accuracy for stimuli in the low SF ranges and the strong response to those same low SF ranges in right OFC. This finding may suggest that "activation," as it is operationalized herein, does not simply track informativeness or saliency-it also tracks the processing characteristics local to each brain region. This finding may additionally indicate that low categorization accuracy may relate to many "initial hypotheses" being generated on the basis of low SF information.
OFC is known to have bidirectional connections with visual areas and has been implicated in reward processing (Rolls and Baylis 1994; Rolls 2000; Kringelbach and Rolls 2004) . Thus, in addition to guiding a coarse, magnocellular driven interpretation of stimuli, it is reasonable to speculate that OFC is reactivated once the mid-to-high SF information from a stimulus has driven object identification, thus strengthening the trace associated with the initial coarse guess. This would reinforce the low SF information associated with a given set of mid-to-high SFs, and serve to speed recognition of that set of low SFs in future processing. More broadly, these results suggest that OFC is involved both in generating a number of "initial hypotheses" about stimulus identity, as well as representing exact stimulus identity, thus providing a strong candidate region for integrating initial coarse information with definite information about object identity. While the current report has focused on the response characteristics of OFC because of the clear theoretical motivation regarding this region, an important future direction would be to test whether other regions are also sensitive to both low and high SF information.
A number of issues are framed by our findings that merit further investigation. For instance, it may be asked whether there is overlap in the response preferences of different subpopulations of voxels. The analysis approach adopted within the current report, phase-lag analysis, is not suited to address such questions of overlap as voxels are categorized as exhibiting a preference for a given range of SF information. However, relating the phase-lag approach to other approaches such as multivariate pattern analyses would provide additional information about potential overlap in the response distributions of subpopulations of voxels within OFC. Additionally, functional connectivity analyses, particularly between left and right OFC may shed new light on the dynamics of information updating throughout the course of visual object recognition.
Another issue that is framed by our findings concerns why OFC would receive feedback about the outcome of object recognition processes. We have suggested, on the basis of the models and evidence reviewed in the introduction, that such feedback may form an important aspect of how the system comes to be more efficient at recognizing visual input. In particular, how the system adapts to handle uncertainty in a more efficient manner is an important function that such a feedback mechanism would be well suited to address. However, whether or not the feedback suggested here is, in fact, integral to object recognition processes, or learning about the identity of visual input over repeated presentations, or is merely an epiphenomenal by-product of recognition processes needs to be directly addressed through future research.
Given the above considerations, and the evidence reported herein, it is somewhat surprising that patients with OFC lesions do not seem to exhibit obvious impairments in object recognition. However, it may be that such patients fail to exhibit an ability to efficiently adapt to uncertain visual information. Studies with patients with lesions to the left or right OFC would be well positioned to address the causal role that OFC plays in object recognition. fMRI in such patients may be able to test the key prediction that the ventral stream together with left and right OFC forms an integrated circuit for generating and refining predictions about object identity based on a fast and coarse "first-pass" analysis of visual input.
